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Abstract: Anthracyclines are anti-neoplastic drugs presenting cardiotoxicity as a side effect. Cardiac
troponins (cTn) and echocardiography are currently used to assess cardiac damage and dysfunction,
but early biomarkers identifying patients in need of preventive treatments remain a partially met
need. Circulating microRNAs (miRNAs) represent good candidates, so we investigated their
possible roles as predictors of troponin elevation upon anthracycline treatment. Eighty-eight female
breast cancer patients administered with doxorubicin (DOX) or epirubicin (EPI) were divided into
four groups basing on drug type and cTn positive (cTn+) or negative (cTn−) levels: DOX cTn−,
DOX cTn+, EPI cTn− and EPI cTn+. Blood was collected at baseline, during treatment, and at
follow-up. We identified plasma miRNAs of interest by OpenArray screening and single assay
validation. Our results showed miR-122-5p, miR-499a-5p and miR-885-5p dysregulation in DOX
patients at T0, identifying a signature separating, with good accuracy, DOX cTn− from DOX cTn+.
No miRNAs showed differential expression in EPI subjects. Conversely, an anthracycline-mediated
modulation (regardless of cTn) was observed for miR-34a-5p, -122-5p and -885-5p. Our study indicates
specific circulating miRNAs as possible prediction markers for cardiac troponin perturbation upon
anthracycline treatment. Indeed, our findings hint at the possible future use of plasma miRNAs to
predict the cardiac responsiveness of patients to different anticancer agents.
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1. Introduction
Over the past three decades, the breakthroughs in breast cancer treatment strategies—including
the addition of new generation systemic agents, as well as the use of more advanced and
precise radiotherapy techniques—have significantly improved patient survival [1]. However,
anthracyclines—chemotherapeutic agents isolated from Streptomyces peucetius bacteria introduced into
clinical oncology in the 1960s [2]—still represent the cornerstone of treatment in breast cancer and in
many other solid tumors. Anthracyclines inhibit DNA and RNA synthesis by intercalating between
the base pairs and by inhibiting the activity of topoisomerase II [3]. Among this family, doxorubicin
(DOX) and epirubicin (EPI) are the most widely used medications in breast cancer. The two drugs are
structurally similar, with EPI differing from DOX in the epimerization of the 4-hydroxyl group of the
amino sugar moiety. Both are metabolized in the liver and eliminated through the bile [4]. Despite the
clinical benefits, treatment with anthracyclines is hampered by cardiotoxicity, a side effect ranging
from subclinical ventricular dysfunction to severe cardiomyopathy and heart failure, possibly leading
to cardiac transplantation or death [5]. The toxicity profiles of the two molecules are different since at
equal doses, EPI seems to be less toxic than DOX [4]. Since anthracycline-induced cardiotoxicity may
be identified at different times during or after drug treatment, it can be classified into three types: (i)
acute, when occurring after a single dose or not later than two weeks from the end of treatment; (ii)
early-onset chronic, developing within one year; and (iii) late-onset chronic, developing years after
the end of treatment. However, recent data suggest that cardiotoxicity is a continuum that starts with
myocardial cell injury, followed by progressive cardiac dysfunction, which leads to overt heart failure if
disregarded and not treated [6,7]. The cytotoxic effect of anthracyclines is based on DNA intercalation,
but the exact mechanisms leading to anthracycline-induced cardiotoxicity remain unclear. Several
hypotheses have been proposed such as DNA damage, oxidative stress, alterations in lipid metabolism,
and mitochondrial membrane depolarization leading to cardiomyocyte death [8].
The assessment of anthracycline-associated cardiotoxicity is usually conducted by
echocardiography, monitoring cardiac function following chemotherapy administration [9]. In a
position paper, the Task Force for cancer treatments and cardiovascular toxicity of the European Society
of Cardiology defined cardiotoxicity as a decrease below the lower limit of the normal left ventricular
ejection fraction (LVEF) in echocardiography, set to 50% [10]. The LVEF-based diagnosis, though, is
not useful for the early assessment or for prevention, because cardiotoxicity is often a late event and
echocardiography detects significant functional impairments only after their occurrence. On the other
hand, a preserved LVEF after treatment does not exclude future cardiac deterioration.
To date, the most commonly used circulating markers indicating the possible onset of
anthracycline-induced cardiotoxicity are cardiac troponins I and/or T (cTnI or cTnT) [11]. Cardiac
troponins are released upon heart damage and are considered the golden standard as biomarkers of
myocardial injury since their detection in plasma is indicative of cardiomyocyte necrosis [12]. Cardiac
troponins are currently used to help clinicians in establishing the cardiac-monitoring schedule of
anthracycline-treated patients [13], although their use is not yet recommended as routine by the
guidelines. Indeed, in the absence of the perturbation of cTn levels (cTn−), patients are classified
as low-risk, thus not requiring strict and prolonged observation of heart function. Conversely,
cTn-positive (cTn+) patients have a greater incidence of major adverse cardiac events, and the
persistence of cTn elevation is an indicator of greater cardiac impairment and a higher incidence of
future events [14,15], even if this does not necessarily result in symptomatic heart failure or cardiac
death. Indeed, cardiac troponins are considered very good negative biomarkers but have a sub-optimal
positive predictive potential.
For all these reasons, there is a need to find novel, specific and accurate biomarkers of cardiotoxicity
onset that allow early assessment and monitoring using minimally invasive approaches.
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In recent years, several investigations have focused on the possible involvement of microRNAs
(miRNAs) in DOX-induced toxicity. MiRNAs are small noncoding, endogenous, single-stranded RNAs
that regulate gene expression by either inhibiting the translation of messenger RNAs (mRNA) or by
promoting their degradation [16]. They play a key role in many biological processes, under both
physiological and pathological conditions. Increasing evidence shows that miRNAs are involved in all
cardiac functions, including the conductance of electrical signals, heart muscle contraction, and growth.
Interestingly, circulating miRNAs have been proposed as noninvasive and specific markers of several
cardiovascular diseases [17–20]. They are demonstrated to be highly stable over time in various body
fluids, including plasma, serum, urine and saliva [21], and their levels can be assessed by sensitive
techniques such as quantitative real-time PCR (RT-qPCR) [22].
Articles assessing circulating miRNAs’ potential as biomarkers of DOX-induced cardiotoxicity in
breast cancer patients are still very limited, showing significant heterogeneity in terms of cardiotoxicity
assessment, the number of enrolled patients, and the specific treatment [23,24]. Moreover, only a
limited number of miRNAs have been examined. Furthermore, a few authors have investigated
circulating miRNA as a predictor of resistance to EPI in breast cancer patients.
Here, we investigated plasma miRNA expression in breast cancer patients before they underwent
either DOX or EPI administration, with the aim of showing their potential in helping clinicians in the
selection of the least cardiac-harmful treatment for the patients and/or in identifying high-risk patients
to be treated with cardio-preventive treatment before chemotherapy.
2. Materials and Methods
2.1. Patients
The patients included in this study were recruited from the ICOS-ONE (International
CardiOncology Society-one) clinical trial [25]. In particular, 88 female breast cancer patients treated
with either DOX (n = 32) or EPI (n = 56) were included in this study. Patients with a history or clinical
evidence of heart failure and/or ischemic heart disease, a previous history of chemotherapy or showing
increased levels of cardiac troponin at baseline were excluded. The trial complied with the Declaration
of Helsinki. All patients gave written informed consent. The protocol was approved by the Regulatory
Agencies and IEO Ethics Committee (approval code IEO S701/412, Milan, Italy) and was registered in
the ClinicalTrials.gov registry (NCT01968200) before starting (EudraCT Number: 2012-002248-26). The
cumulative anthracycline dose was calculated by converting the different anthracycline doses in terms
of doxorubicin equivalents [26]. Further information about the inclusion and exclusion criteria can be
found in [25].
2.2. Cardiac Troponins
Since troponins were assayed in local laboratories with commercial reagents measuring different
subunits (I or T) with different sensitivities, troponin levels were normalized to the local upper limits
of normal (ULN) and expressed as a binary variable, higher (>, cTn+) or lower (≤, cTn−) than the local
ULN. All data about troponins are presented in Table S1. Troponin was assessed at baseline, at each
anthracycline cycle and 1, 3, 6 and 12 months after the completion of chemotherapy (CT).
2.3. Cardiac Function Evaluation
The cardiac function of all subjects was assessed by echocardiography, and 2D-echo was conducted
in at least three consecutive cycles from the parasternal long-axis and mitral and papillary level
short-axes and apical 4- and 2-chamber views. Left ventricular volumes were calculated and normalized
to body surface area, and the modified biplane Simpson’s rule was applied to calculate LVEF.
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2.4. Total RNA Isolation and MicroRNA Retrotranscription
Blood samples were collected into tubes containing EDTA and were immediately centrifuged
at 3000 rpm for 10 min to separate the plasma, and stored at −80 ◦C until further use. Total RNAs
were isolated from 100 µL of plasma using the Total RNA Purification Plus kit (Norgen, Thorold, ON,
Canada) following the manufacturer’s instructions for liquid samples. RNA pellets were resuspended
in 50 µL of RNAse free water and stored at −80 ◦C.
2.5. Circulating MicroRNA Screening
The screening was performed on a selected cardiovascular disease-associated miRNA panel using
an OpenArray Real-time PCR System (Thermo Fisher Scientific, Waltham, MA, USA), according to
the manufacturer’s protocol for liquid samples. In particular, we used custom plates allowing the
detection of 112 miRNAs (Table S2). Starting from 2 µL of total RNA, miRNA retrotranscription was
conducted using TaqMan Advanced miRNA cDNA synthesis (Life Technologies, Waltham, MA, USA),
according to the manufacturer’s protocol. A mixture composed of 2.5 µL of each amplified cDNA and
2.5 µL of TaqMan OpenArray Real-Time PCR master mix (Applied Biosystems, Waltham, MA, USA)
was dispensed on an OpenArray plate using the AccuFill automated sample loading system (Applied
Biosystems, Waltham, MA, USA) and run using a QuantStudio 12k Flex Real-Time PCR System (Thermo
Fisher Scientific, Waltham, MA, USA). Data analysis was conducted using cloud-based Thermo Fisher
Scientific proprietary software (Thermo Fisher cloud, https://apps.thermofisher.com/apps/). Samples
presenting a Ct value >35, an amplification score (Amp Score) <1.24 and a Ct confidence value <0.8
were excluded. The expression data for each sample are presented in Table S3. Normalization was
conducted using the Global Mean Normalization method implemented by the software.
2.6. Single MicroRNA Assay Validation
All miRNAs, showing a fold change >2 and <0.6 with a p-value < 0.05, were selected for validation
using single TaqMan Advanced miRNA assays (Life Technologies, Waltham, MA, USA), according
to manufacturer’s protocol. In these experiments, miR-16 was used as the normalizer because of its
strong and stable expression, mirroring results from Global Mean Normalization in the screening step
as previously described [18,20,27].
2.7. Statistical Analysis
In order to determine the expression levels of plasma miRNAs, raw Ct values were processed
with the formula 2ˆ–delta-delta Ct (2−∆∆Ct), using miR-16 as the reference miRNA, and the geometric
mean of Ct for each miRNA in the control subjects as the calibrator sample [28]. Finally, the data
were log-transformed and expressed as –∆∆ct, to obtain a normally distributed dataset. The miRNA
relative expression, as well as the demographic variables, were expressed as mean ± standard deviation.
Boxplots and connected scatter plots were drawn by GraphPad Prism (v 5.0, GraphPad Software,
La Jolla, CA, USA). Differential expression analyses were performed by linear model tests, using R’s
native functions (https://www.r-project.org/). p-values < 0.05 were deemed statistically significant. The
logistic regression classifier was implemented by the “caret” package [29] while a 3D scatterplot and
a receiver operating characteristic (ROC) curve were plotted by the “rgl” (v 0.100) and the “ROCR”
(v 1.0.7) [30] packages, respectively.
3. Results
3.1. Study Population
Based on the troponin plasma levels evaluated during and after treatment, patients were divided
into four groups (Figure 1): DOX-treated patients without elevation of troponins (DOX cTn−, n = 14);
DOX-treated with elevation of troponins (DOX cTn+, n = 18); EPI-treated without elevation of troponins
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(EPI cTn−, n = 44); and EPI-treated with elevation of troponins (EPI cTn+, n = 12). Demographic and
clinical data are summarized in Table 1. We considered three time points: baseline (before treatment,
T0); T1 (during treatment, up to one month after the last infusion); and T2 (long-term follow-up, from
three to twelve months after the last infusion) (Figure 2). None of the evaluated patients showed signs
of cardiac dysfunction at the 12-month follow-up. Indeed, the mean LVEF showed no appreciable
variation from baseline values in any group, as reported in Table 1.
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 EPI cTn− EPI cTn+ p-Value DOX cTn− DOX cTn+ p-Value 
Subjects (n) 44 12  14 18  
Age (mean ± SD) 49.3 ± 11.4 52.2 ± 6.3 0.31 53.9 ± 10.8 53.3 ± 11.3 0.41 
BMI (mean ± SD) 23.3 ± 3.2 25.4 ± 3.2 0.08 26.2 ± 3.8 25.3 ± 3.3 0.4 
Smokers, n (%) 5 (11) 3 (25) 0.19 4 (29) 5 (28) 1 
Hypertension, n (%) 2 (4) 0 (0) 1 0 (0) 0 (0) 1 
Dyslipidemia, n (%) 3 (7) 1 (8) 1 3 (21) 1 (0) 0.25 
Diabetes, n (%) 0 (0) 1 (8) 0.2 0 (0) 0 (0) 1 
Cycles of therapy (mean ± SD) 3.6 ± 0.5 3.7 ± 0.7 0.9 4.0 ± 0 4.0 ± 0 1 
Anthracycline cumulative dose * 
mg/m2 (mean ± SD) 
223.3 ± 42.5 239.1 ± 45.3 0.26 240 ± 0 226.2 ± 38.7 0.43 
LVEF (%) at T0 (mean ± SD) 63.2 ± 4.2 64.4 ± 6.9 0.77 64.3 ± 4.2 65.4 ± 7.1 0.94 
LVEF (%) at 1 year (mean ± SD) 62.4 ± 5.5 63.9 ± 3.5 0.56 63.6 ± 6.3 66 ± 5.9 0.43 
SD, standard deviation; EPI, epirubicin; DOX, doxorubicin; cTn−, negative Troponin levels; cTn+, 
positive troponin levels; BMI: Body Mass Index; LVEF: Left Ventricular Ejection Fraction. * 
Cumulative anthracycline dose was calculated by converting the different anthracycline doses in 
terms of doxorubicin equivalents [10,26]. 
Figure 1. Flow chart t e study. CT: chemotherapy; LV, left ventricl ; HF, h art failure;
EKG: electrocardiogram.
Table 1. Demographic clinical characteristics.
EPI cTn− EPI cTn+ - l e DOX cTn− DOX c - l e
Subjects (n) 44 12 14 18
Age (mean ± SD) 49.3 ± 11.4 52.2 ± 6.3 0.31 53.9 ± 10.8 53.3 ± 11.3 0.41
BMI (mean ± SD) 23.3 ± 3.2 25.4 ± 3.2 0.08 26.2 ± 3.8 25.3 ± 3.3 0.4
Smokers, n (%) 5 (11) 3 (25) 0. 9 4 (29) 5 (28)
Hypertension, n (%) 2 (4) 0 (0) 1 0 (0) 0 (0) 1
Dyslipidemia, n (%) 3 (7) 1 (8) 1 3 (21) 1 (0) 0.25
Diabetes, n (%) 0 (0) 1 (8) 0.2 0 (0) 0 (0) 1
Cycles of therapy (mean ± SD) 3.6 ± 0.5 3.7 ± 0.7 0.9 4.0 ± 0 4.0 ± 0 1
Anthracycline cumulative dose
* mg/m2 (mean ± SD) 223.3 ± 42.5 239.1 ± 45.3 0.26 240 ± 0 226.2 ± 38.7 0.43
LVEF (%) at T0 (mean ± SD) 63.2 ± 4.2 64.4 ± 6.9 0.77 64.3 ± 4.2 65.4 ± 7.1 0.94
LVEF (%) at 1 year (mean ± SD) 62.4 ± 5.5 63.9 ± 3.5 0.56 63.6 ± 6.3 66 ± 5.9 0.43
SD, standard deviation; EPI, epirubicin; DOX, doxorubicin; cTn−, negative Troponin levels; cTn+, positive troponin
levels; BMI: Body Mass I dex; LVEF: Left Ventricular Ejection Fraction. * Cumulative anthracycline dose was
calculated by converting the different anthracycline doses in terms of doxorubicin equivalents [10,26].
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3.2. Plasmatic MicroRNA Profiling
Since the main purpose of the present study was to identify circulating miRNAs potentially
associated with a future troponin increase upon anthracycline treatment, we conducted an array-based
screening on samples collected at baseline (i.e., before treatment). We compared cTn+ vs. cTn− in
both the DOX and EPI groups (n = 12/group, demographic data in Table S4). The results showed five
miRNAs as potentially regulated (p < 0.05) in the DOX group and four in the EPI group. In particular,
miR-99b-5p, -122-5p, -125b-5p, -532-5p and -885-5p presented a putative upregulation in the DOX cTn+
vs. cTn− group, while miR-128-3p, -181b-5p, -181c-5p and -361-3p were downregulated in EPI cTn+ vs.
cTn− patients (Table S5).
3.3. Differential Expression of Plasma MicroRNAs at Baseline
Following the screening step, we analyzed the expression of the putatively regulated miRNAs in
all T0 samples by single assays. Moreover, miR-1-3p, miR-34a-5p and miR-499a-5p were evaluated
based on their known involvement in cardiac diseases and DOX-induced cardiotoxicity [24]. Our
results showed that miR-122-5p (p = 0.007), miR-499a-5p (p = 0.029) and miR-885-5p (p = 0.035)
presented a higher expression in DOX cTn+ vs. in DOX cTn− patients (Figure 3A and Table S6). These
differences were not observed in EPI subjects and no difference in miR-1-3p or miR-34a-5p expression
was observed in either treatment group. Conversely, we did not confirm any significant modulation of
the miRNAs detected in the screening phase in the EPI group.
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3.4. Doxorubicin Treatment Modulates Circulating MicroRNA Expression
The three miRNAs differentially expressed at baseline were then also evaluated at the following
time points (T1 and T2) in DOX-treated patients, comparing cTn+ vs. cTn− subjects. Interestingly,
miR-122-5p showed a trend of higher expression, despite the differences not reaching statistical
significance at T1 and T2. However, both miR-499a-5p and -885-5p presented overlapping levels of
expression at these time points (Figure 3B and Table S7).
3.5. A Circulating MicroRNA Signature at Baseline is Associated with Increased cTn after DOX Treatment
These results prompted us to investigate whether the expression of the three miRNAs presenting
differential levels of expression at baseline in DOX-treated patients could be used to predict increased
cardiac troponin before treatment. To this aim, we performed a binary logistic regression analysis
using the means of the expression levels of these three miRNAs at baseline as the independent variable
and found that they areauc associated with future increases in cTn; indeed, as shown by the ROC
curve analysis in Figure 4, the model exhibits an Area Under the Curve (AUC) of 0.79. Notably, 3D
scatterplot analysis showed good performance of this miRNA signature in separating DOX-cTn+ and
DOX-cTn− patients.
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circulating miRNAs in the same way in breast cancer patients. This seems to hint to a different 
mechanism of action leading to a differential response to each specific treatment. Most importantly, 
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3.6. Circulating icroRNA odulation upon Anthracycline Treatment
e finally analyzed the effects of the t o different drugs (DOX and EPI) on the expression of
plas a iR s regardless of troponin levels. ur data showed heterogeneous regulation for the
three i s ( i -34a-5p, -122-5p and -885-5p) over ti e. Interestingly, miR-34a-5p presented a
significant anthracycline-induced upregulation at every time point. Conversely, miR-122-5p presented
an upregul tion only at T1 (vs. T0) in the DOX group and at T1 and 2 (vs. T0) in the EPI group.
MiR-885-5p was shown to be upreg lat d by both drugs at T2 vs. T0 and lso at T1 vs. T0 by EPI
(Figure 5 and Table S8).
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4. Discussion
This is the first study comparing circulating miRNA expression in plasma of breast cancer patients
upon treatment with two different components of the anthracycline family, DOX and EPI. Our results
clearly indicate that, despite their structural similarity, the two drugs do not affect circulating miRNAs
in the same way in breast cancer patients. This seems to hint to a different mechanism of action
leading to a differential response to each specific treatment. Most importantly, we have identified
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a signature composed of three miRNAs, miR-122-5p, miR-499-5p, and miR-885-5p, that was able to
predict, with good accuracy, adverse cardiac responses to DOX before its administration. In order
to illustrate that, we focused our attention on the main biomarker of cardiac damage, cTn; indeed,
if increased during and/or after anthracycline treatment, cTn represents an indicator of the possible
onset of heart dysfunction [31]. Of note, cTn is known to possess very good negative predictive value,
i.e., the absence of cTn elevation upon treatment excludes future dysfunction onset. Conversely, an
increase in cTn upon drug administration can indicate an increased propensity to develop cardiac
dysfunction, but without providing any information about the timing of the possible onset [14].
Two recent studies investigated circulating miRNAs in breast cancer patients as possible predictors
of cardiotoxicity upon treatment with either EPI or DOX. In the first case, Qin et al. showed the
regulation of eight miRNAs in the plasma of breast cancer patients who were treated with EPI and
suffered from cardiac dysfunction, but none of them were similarly regulated in the present work.
This is probably due to different experimental settings and different detection and normalization
methods. In particular, the authors selected 14 miRNAs to be evaluated, based on their previously
proposed pro-angiogenic role, and arbitrarily used U6, a non-miRNA small-ncRNA, as a normalizer;
this makes comparison with our results very difficult [32]. In the case of the DOX-focused study,
Todorova and co-authors investigated the differences in miRNA plasma expression at baseline and after
the first administration cycle between patients with normal and patients with decreased LVEF after
chemotherapy completion. They identified several miRNAs as being differentially expressed in the
two groups, but none of them showed any overlap with our findings. Again, this is possibly due to the
different experimental approaches and miRNA evaluation techniques. In particular, the LNA-based
screening method adopted by this group differs greatly from our TaqMan-based approach in terms
of accuracy, sensitivity and the number of miRNAs evaluated. More importantly, their experimental
design was very different to ours, because the authors investigated miRNA expression changes between
baseline and the first cycle of DOX-based chemotherapy. Interestingly, though, miR-34a-5p showed a
DOX-induced upregulation in both groups, regardless of LVEF perturbation, a result in line with our
findings [23].
Other previous studies investigating DOX-mediated cardiotoxicity focused their attention on
miRNAs showing a perturbed expression upon anthracycline treatment. Rigaud and collaborators
identified circulating miR-1 as a potential marker of cardiotoxicity in breast cancer patients, showing
its regulation by DOX treatment. Interestingly, none of the miRNAs evaluated in the manuscript
(including miR-1) showed any difference at baseline when comparing patients with and without later
cardiotoxicity presentation [33]. However, Leger and co-authors investigated the effects of DOX in
young cancer patients, showing that plasma miR-29b and -499 are acutely elevated after anthracycline
therapy [34]. This latter result fits well with our data, although we have no specific information about
miRNA expression in the acute phase of the treatment.
Our work presents some limitations. First, the sample size of our cohorts is small. This lessens the
generalizability of the work but paves the way to new studies in which pre-determining a differential
and harmful response to an antineoplastic treatment could be used to help clinicians in their choice of
the most effective and safe therapeutic route. Of note, none of the evaluated patients developed cardiac
dysfunction, as evidenced by the lack of decrease in the LVEF. This result could be seen as a limitation
of the study, as it prevents the correlation and evaluation of miRNA expression at baseline as a real
marker of functional anthracycline-induced impairment. Furthermore, we failed to identify miRNAs
showing potential in predicting EPI-induced cTn increases; this may be possibly due to lower cardiac
toxicity or to different mechanisms by which this drug induces heart damage/dysfunction. Indeed,
while it is known that epirubicin is less cardiotoxic than doxorubicin [35], very few studies have been
conducted to investigate the exact mechanisms of this discrepancy in terms of detrimental cardiac
effects [36], which thus remain quite elusive. Another explanation could be the restricted number of
miRNAs evaluated during the screening phase. Thus, we cannot exclude that other miRNAs could be
exploited as predictors of EPI-induced increases in cardiac troponin, an issue that could be addressed
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by using “wide-coverage” screening methods like microarrays and/or next-generation sequencing.
Another limitation regards troponin assessment. Since these patients were derived from a multi-center
study, they were enrolled and evaluated in different hospitals, using different assays, with either high
or normal sensitivity. To partially overcome this issue, we transformed the troponin level into a dummy
variable for patient stratification. A final limitation is the absence of patients with clear left ventricular
dysfunction among our cases. Therefore, the full clinical relevance of our findings should be further
investigated in future studies.
Despite these limitations, our work can be regarded as proof of the concept that the circulating
miRNA signature could be used to ascertain the patient’s cardiac responsiveness to different classes of
anthracycline. These observations may pave the way to the identification of early biomarkers to help
clinicians in the choice of chemotherapeutic drugs with maximal efficacy and minimal risk of cardiac
toxicity for each individual patient or, alternatively, in adopting preventive cardioprotective treatments
(Figure 6). Indeed, the identification of predictive biomarkers is of utmost importance, particularly
for childhood cancer survivors. Previous investigations have shown that the treatment and outcome
data from large cohorts of patients help in assessing individual risks for subsequent heart failure with
reasonable accuracy [37]. Our work falls perfectly in line with these kinds of studies, aiming at the
identification of clinically useful models that allow the prediction of cardiovascular risk before the
actual treatment begins.
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5. Conclusions
Unlike previous investigations, our work aimed to show a different approach to the prevention of
anthracycline-induced heart damage. Indeed, we showed that circulating miRNAs could be a key for
future personalized and safe anticancer-drug selection, thus reducing the number of patients in need
of additional cardioprotective treatments.
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baseline, Table S7: DOX miRNAs Expression Values, Table S8: Changes over time of relevant miRNAs in DOX
and EPI whole groups.
J. Clin. Med. 2020, 9, 1418 11 of 13
Author Contributions: Conceptualization, D.M.C., C.M.C., S.M., M.T.S., F.C., R.L., L.I.S., G.P., G.I.C. and Y.D.;
Data curation, S.G., M.C., D.M.C., V.R., C.V., C.M.C., S.M., M.T.S., M.S., F.C., R.L., L.I.S., G.I.C., and Y.D.; Formal
analysis, S.G., M.C., G.I.C., and Y.D.; Funding acquisition, Y.D.; Methodology, S.G., M.C., D.M.C., V.R., C.V.,
C.M.C., S.M., M.T.S., M.S., F.C., R.L., L.I.S., G.P., and Y.D.; Project administration, D.M.C., R.L., G.P., G.I.C., and
Y.D.; Writing—Original draft, S.G., M.C., D.M.C., V.R., C.V., C.M.C., S.M., M.T.S., M.S., F.C., R.L., L.I.S., G.I.C.,
and Y.D.; Writing—Review & editing, S.G., M.C., D.M.C., V.R., C.V., C.M.C., S.M., M.T.S., M.S., F.C., R.L., L.I.S.,
G.P., G.I.C., and Y.D. The authors agree to be personally accountable for the author’s own contributions and for
ensuring that questions related to the accuracy or integrity of any part of the work, even ones in which the author
was not personally involved, are appropriately investigated, resolved, and documented in the literature. All
authors have read and agreed to the published version of the manuscript.
Acknowledgments: This work was supported by GR-2011-02346742 grant (Ricerca Finalizzata) from the Italian
Ministry of Health to Y.D.
Conflicts of Interest: The authors declare no conflict of interest.
References
1. Curigliano, G.; Cardinale, D.; Dent, S.; Criscitiello, C.; Aseyev, O.; Lenihan, D.; Cipolla, C.M. Cardiotoxicity
of anticancer treatments: Epidemiology, detection, and management. CA Cancer J. Clin. 2016, 66, 309–325.
[CrossRef] [PubMed]
2. Arcamone, F.; Cassinelli, G.; Fantini, G.; Grein, A.; Orezzi, P.; Pol, C.; Spalla, C. Adriamycin,
14-Hydroxydaunomycin, a new antitumor antibiotic from S. peucetius var. caesius. Biotechnol. Bioeng. 2000,
67, 704–713. [CrossRef]
3. Binaschi, M.; Capranico, G.; Dal Bo, L.; Zunino, F. Relationship between lethal effects and topoisomerase
II-mediated double-stranded DNA breaks produced by anthracyclines with different sequence specificity.
Mol. Pharmacol. 1997, 51, 1053–1059. [CrossRef] [PubMed]
4. Kaklamani, V.G.; Gradishar, W.J. Epirubicin versus doxorubicin: Which is the anthracycline of choice for the
treatment of breast cancer? Clin. Breast Cancer 2003, 4 (Suppl. S1), 26–33. [CrossRef] [PubMed]
5. Levis, B.E.; Binkley, P.F.; Shapiro, C.L. Cardiotoxic effects of anthracycline-based therapy: What is the
evidence and what are the potential harms? Lancet Oncol. 2017, 18, 445–456. [CrossRef]
6. Cardinale, D.; Biasillo, G.; Cipolla, C.M. Curing Cancer, Saving the Heart: A Challenge That Cardioncology
Should Not Miss. Curr. Cardiol. Rep. 2016, 18. [CrossRef]
7. López-Sendón, J.; Álvarez-Ortega, C.; Zamora Auñon, P.; Buño Soto, A.; Lyon, A.R.; Farmakis, D.;
Cardinale, D.; Canales Albendea, M.; Feliu Batlle, J.; Rodríguez Rodríguez, I.; et al. Classification, prevalence,
and outcomes of anticancer therapy-induced cardiotoxicity: The CARDIOTOX registry. Eur. Heart J. 2020.
[CrossRef]
8. Carvalho, F.S.; Burgeiro, A.; Garcia, R.; Moreno, A.J.; Carvalho, R.A.; Oliveira, P.J. Doxorubicin-Induced
Cardiotoxicity: From Bioenergetic Failure and Cell Death to Cardiomyopathy. Med. Res. Rev. 2014, 34,
106–135. [CrossRef]
9. Denlinger, C.S.; Sanft, T.; Baker, K.S.; Broderick, G.; Demark-Wahnefried, W.; Friedman, D.L.; Goldman, M.;
Hudson, M.; Khakpour, N.; King, A.; et al. Survivorship, Version 2.2018, NCCN Clinical Practice Guidelines
in Oncology. J. Natl. Compr. Cancer Netw. 2018, 16, 1216–1247. [CrossRef]
10. Zamorano, J.L.; Lancellotti, P.; Rodriguez Muñoz, D.; Aboyans, V.; Asteggiano, R.; Galderisi, M.; Habib, G.;
Lenihan, D.J.; Lip, G.Y.H.; Lyon, A.R.; et al. 2016 ESC Position Paper on cancer treatments and cardiovascular
toxicity developed under the auspices of the ESC Committee for Practice Guidelines: The Task Force for
cancer treatments and cardiovascular toxicity of the European Society of Cardiology (ESC). Eur. Heart J. 2016,
37, 2768–2801. [CrossRef]
11. Herman, E.H.; Lipshultz, S.E.; Rifai, N.; Zhang, J.; Papoian, T.; Yu, Z.X.; Takeda, K.; Ferrans, V.J. Use of
cardiac troponin T levels as an indicator of doxorubicin-induced cardiotoxicity. Cancer Res. 1998, 58, 195–197.
[PubMed]
12. Park, K.C.; Gaze, D.C.; Collinson, P.O.; Marber, M.S. Cardiac troponins: From myocardial infarction to
chronic disease. Cardiovasc. Res. 2017, 113, 1708–1718. [CrossRef] [PubMed]
13. Cardinale, D.; Caruso, V.; Cipolla, C.M. The breast cancer patient in the cardioncology unit. J. Thorac. Dis.
2018, 10, 4306–4322. [CrossRef]
14. Cardinale, D.; Biasillo, G.; Salvatici, M.; Sandri, M.T.; Cipolla, C.M. Using biomarkers to predict and to
prevent cardiotoxicity of cancer therapy. Expert Rev. Mol. Diagn. 2017, 17, 245–256. [CrossRef] [PubMed]
J. Clin. Med. 2020, 9, 1418 12 of 13
15. Ky, B.; Putt, M.; Sawaya, H.; French, B.; Januzzi, J.L.; Sebag, I.A.; Plana, J.C.; Cohen, V.; Banchs, J.; Carver, J.R.;
et al. Early increases in multiple biomarkers predict subsequent cardiotoxicity in patients with breast cancer
treated with doxorubicin, taxanes, and trastuzumab. J. Am. Coll. Cardiol. 2014, 63, 809–816. [CrossRef]
[PubMed]
16. Bartel, D.P. MicroRNAs. Cell 2004, 116, 281–297. [CrossRef]
17. Sayed, D.; Abdellatif, M. MicroRNAs in development and disease. Physiol. Rev. 2011, 91, 827–887. [CrossRef]
18. D’Alessandra, Y.; Devanna, P.; Limana, F.; Straino, S.; Di Carlo, A.; Brambilla, P.G.; Rubino, M.; Carena, M.C.;
Spazzafumo, L.; De Simone, M.; et al. Circulating microRNAs are new and sensitive biomarkers of myocardial
infarction. Eur. Heart J. 2010, 31, 2765–2773. [CrossRef]
19. Matsumoto, S.; Sakata, Y.; Suna, S.; Nakatani, D.; Usami, M.; Hara, M.; Kitamura, T.; Hamasaki, T.; Nanto, S.;
Kawahara, Y.; et al. Circulating p53-responsive microRNAs are predictive indicators of heart failure after
acute myocardial infarction. Circ. Res. 2013, 113, 322–326. [CrossRef]
20. Sommariva, E.; D’Alessandra, Y.; Farina, F.M.; Casella, M.; Cattaneo, F.; Catto, V.; Chiesa, M.; Stadiotti, I.;
Brambilla, S.; Dello Russo, A.; et al. MiR-320a as a Potential Novel Circulating Biomarker of Arrhythmogenic
CardioMyopathy. Sci. Rep. 2017, 7, 4802. [CrossRef]
21. El-Mogy, M.; Lam, B.; Haj-Ahmad, T.A.; McGowan, S.; Yu, D.; Nosal, L.; Rghei, N.; Roberts, P.; Haj-Ahmad, Y.
Diversity and signature of small RNA in different bodily fluids using next generation sequencing. BMC
Genom. 2018, 19, 408. [CrossRef]
22. Pritchard, C.C.; Cheng, H.H.; Tewari, M. MicroRNA profiling: Approaches and considerations. Nat. Rev.
Genet. 2012, 13, 358–369. [CrossRef]
23. Todorova, V.K.; Makhoul, I.; Wei, J.; Klimberg, V.S. Circulating miRNA Profiles of Doxorubicin-induced
Cardiotoxicity in Breast Cancer Patients. Ann. Clin. Lab. Sci. 2017, 47, 115–119. [PubMed]
24. Ruggeri, C.; Gioffré, S.; Achilli, F.; Colombo, G.I.; D’Alessandra, Y. Role of microRNAs in doxorubicin-induced
cardiotoxicity: An overview of preclinical models and cancer patients. Heart Fail Rev. 2018, 23, 109–122.
[CrossRef] [PubMed]
25. Cardinale, D.; Ciceri, F.; Latini, R.; Franzosi, M.G.; Sandri, M.T.; Civelli, M.; Cucchi, G.; Menatti, E.;
Mangiavacchi, M.; Cavina, R.; et al. Anthracycline-induced cardiotoxicity: A multicenter randomised
trial comparing two strategies for guiding prevention with enalapril: The International CardioOncology
Society-one trial. Eur. J. Cancer 2018, 94, 126–137. [CrossRef] [PubMed]
26. Keefe, D.L. Anthracycline-induced cardiomyopathy. Semin. Oncol. 2001, 28, 2–7. [CrossRef] [PubMed]
27. Ruggeri, C.; Gioffré, S.; Chiesa, M.; Buzzetti, M.; Milano, G.; Scopece, A.; Castiglioni, L.; Pontremoli, M.;
Sironi, L.; Pompilio, G.; et al. A Specific Circulating MicroRNA Cluster Is Associated to Late Differential
Cardiac Response to Doxorubicin-Induced Cardiotoxicity In Vivo. Dis. Markers 2018, 2018, 8395651.
[CrossRef]
28. Rao, X.; Huang, X.; Zhou, Z.; Lin, X. An improvement of the 2ˆ(-delta delta CT) method for quantitative
real-time polymerase chain reaction data analysis. Biostat. Bioinform. Biomath. 2013, 3, 71–85.
29. Kuhn, M. Building Predictive Models in R Using the caret Package. J. Stat. Soft. 2008, 28. [CrossRef]
30. Sing, T.; Sander, O.; Beerenwinkel, N.; Lengauer, T. ROCR: Visualizing classifier performance in R.
Bioinformatics 2005, 21, 3940–3941. [CrossRef]
31. Colombo, A.; Cardinale, D. Using cardiac biomarkers and treating cardiotoxicity in cancer. Future Cardiol.
2013, 9, 105–118. [CrossRef] [PubMed]
32. Qin, X.; Chang, F.; Wang, Z.; Jiang, W. Correlation of circulating pro-angiogenic miRNAs with cardiotoxicity
induced by epirubicin/cyclophosphamide followed by docetaxel in patients with breast cancer. Cancer
Biomark. 2018, 23, 473–484. [CrossRef] [PubMed]
33. Rigaud, V.O.-C.; Ferreira, L.R.P.; Ayub-Ferreira, S.M.; Ávila, M.S.; Brandão, S.M.G.; Cruz, F.D.;
Santos, M.H.H.; Cruz, C.B.B.V.; Alves, M.S.L.; Issa, V.S.; et al. Circulating miR-1 as a potential biomarker
of doxorubicin-induced cardiotoxicity in breast cancer patients. Oncotarget 2016, 8, 6994–7002. [CrossRef]
[PubMed]
34. Leger, K.J.; Leonard, D.; Nielson, D.; de Lemos, J.A.; Mammen, P.P.; Winick, N.J. Circulating microRNAs:
Potential Markers of Cardiotoxicity in Children and Young Adults Treated with Anthracycline Chemotherapy.
J. Am. Heart Assoc. 2017, 6, e004653. [CrossRef] [PubMed]
35. Khasraw, M.; Bell, R.; Dang, C. Epirubicin: Is it like doxorubicin in breast cancer? A clinical review. Breast
2012, 21, 142–149. [CrossRef]
J. Clin. Med. 2020, 9, 1418 13 of 13
36. Cottin, Y.; Touzery, C.; Dalloz, F.; Coudert, B.; Toubeau, M.; Riedinger, A.; Louis, P.; Wolf, J.E.; Brunotte, F.
Comparison of epirubicin and doxorubicin cardiotoxicity induced by low doses: Evolution of the diastolic
and systolic parameters studied by radionuclide angiography. Clin. Cardiol. 1998, 21, 665–670. [CrossRef]
37. Chow, E.J.; Chen, Y.; Kremer, L.C.; Breslow, N.E.; Hudson, M.M.; Armstrong, G.T.; Border, W.L.; Feijen, E.A.M.;
Green, D.M.; Meacham, L.R.; et al. Individual prediction of heart failure among childhood cancer survivors.
J. Clin. Oncol. 2015, 33, 394–402. [CrossRef]
© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).
